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Jet Aircraft Air Pollutant Production and Dispersion
JOHN B. HEYWOOD,* JAMES A. FAY,| AND LAWRENCE H. LINDEN}

Massachusetts Institute of Technology, Cambridge, Mass.

In this paper two aspects of pollution from jet engines are considered in detail. Firstly, it
is shown that at or near full load, the most important air pollutants are nitric oxide and soot,
and the production processes of these two pollutants are then discussed. A kinetic analysis
shows that nitric oxide is formed mainly in the combustor primary zone, in regions of the flow
where the equivalence ratio is greater than about 0.8, and that freezing occurs as the gas is
diluted and cooled in the secondary zone. Calculated results for nitric oxide concentrations
in the combustion products are presented and compared with existing experimental data.
The mechanisms important in the formation of carbon in the fuel-rich regions of the primary
zone are reviewed. The oxidation of this carbon in the remainder of the combustor is then
considered, and the oxidation rates attainable within the combustor are computed from exist-
ing rate data. Secondly, the dispersion of the exhaust plume in the atmosphere is analyzed,
the two effects considered being the entrainment of surrounding air due to turbulent motion
of the jet and the motion induced by the buoyancy of the trail. For short times, mixing pro-
ceeds as in ordinary wakes; for longer times, mixing is dominated by motion induced by
buoyancy.

Introduction

THE production of pollutants in aircraft jet engines and
their dissemination in the atmosphere are certainly mat-

ters of public concern. A recent survey1 concludes that "in
the vicinities of air terminals, however, the density of pol-
lutant emission by aircraft and the resulting pollutant concen-
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trations are comparable to emission densities and concentra-
tions in adjacent communities of the same pollutants from
other sources. Thus, the principal impact of aircraft emis-
sions is local in nature and is expected to become more severe
in future years. It is also likely that aircraft emissions will
constitute a more significant portion of community-wide pol-
lutant loadings as new aircraft are introduced and as emissions
from other sources are reduced." If the emissions from air-
craft are averaged over a metropolitan area, their present con-
tribution is insignificant compared with all other sources com-
bined.2"4 However, aircraft emissions, especially during ap-
proach, taxi, and takeoff operations, are confined to a small
segment of a metropolitan area and in this respect should be
considered a localized source, like a power plant, rather than
widely distributed sources, such as automobiles or home heat-
ing units. Reference 1 notes that "there are a number of
major air terminals at which residential areas are located
along an extension of a runway or within a mile or less of the
end of the runway... . Residents of such an area may ex-
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Fig. 1 Cross section of typical combustor liner: upper
half shows flow through diluting air holes; lower half

shows film-cooling air.

perience concentrations significantly higher than those pre-
dicted by the area source model."

The information which is needed to assess the hazards of air-
craft pollution and examine possible methods for its control
can be conveniently divided into the following categories: 1)
the nature and amount of possibly harmful constituents of the
exhaust of an aircraft gas turbine engine under various operat-
ing conditions; 2) the fundamental physical processes con-
trolling the production of pollutants in the gas turbine com-
bustor; 3) the relationship between the ambient level of these
pollutants at various distances and directions from an airport
and the aircraft traffic density, traffic pattern, and local
meteorological conditions; and 4) the effect of pollutants at
these ambient levels on human, animal, and plant life and
also property damage. This paper is concerned with certain
aspects of items 2 and 3.

The principal pollutants emitted from jet engines are NO,
CO, hydrocarbons, and particulates.4"6 When expressed as
a mass percentage of fuel burned, each of these pollutants is
emitted in amounts usually between 0.1% and 1.0% under
most conditions of operation.1 Emissions of CO and hydro-
carbons are especially high during idle and taxi operations,
while NO and particulate emissions are usually greatest dur-
ing takeoff and landing.

It is commonly believed that the formation of particulates
occurs in the rich primary combustion zone of the combustor7

while NO is formed in near-equilibrium proportions in the
combustion chamber but does not reconvert to N2 and 02 in
the subsequent expansion through the turbine.8 (We will
consider these two pollutants later in this paper.) The ex-
cessive CO and hydrocarbons during idle are not a result of a
rich over-all mixture, as is encountered in the automotive
engine, but occur with low over-all equivalence ratios of about
0.1.

The contribution of aircraft pollutants to ambient levels in
urban areas has been compared to other sources on the basis
of total emissions or emissions per unit of airport area.1 >3 Re-
cently, estimates of average aircraft pollutant concentrations
for downwind of airports have been derived,9'10 based on
models in which atmospheric turbulence disperses the exhaust
trails of numerous aircraft landing and taking off at the air-
port. These latter analyses suggest that under some condi-
tions the average concentrations of aircraft pollutants in the
downwind direction may be as high as typical present-day
levels of these same pollutants in urban atmospheres. Neither
of these approaches considers the higher concentrations which
may be encountered in the exhaust trail from the time the
exhaust leaves the engine until it has been uniformly
mixed into the atmosphere with preceding and succeeding
trails as envisaged in the farfield dispersion model. This near-
field mixing and dispersion process is considered in this paper
so that the corresponding estimates of pollutant concentra-
tions could be made if desired.

In subsequent sections we first suggest the model of the
combustion process used in further analyses of pollutant pro-
duction. Subsequently, the formation of nitric oxide is con-

sidered and then the formation and oxidation of soot particles.
These two pollutants are analyzed in detail because gas tur-
bine combustor operation at full power is better understood
than operation at idle. Finally, we treat the dilution of the
polluted combustion products with the surrounding atmo-
sphere.

Model of the Combustion Process

The measured exhaust concentrations of nitric oxide and
carbon are not related in any simple way to the equilibrium
concentrations either within the combustor or at combustor
exit. The exhaust concentrations of these two pollutants are
determined by rate-limited processes occurring within the
combustor, and to follow these processes in detail, a knowledge
of the flow pattern and temperature and equivalence ratio dis-
tribution within the combustor is required. The main fea-
tures of this flow are well known, but an adequate quantita-
tive description is not yet available. In this section, the com-
bustion process within the combustor liner is described, and
the flow models which we will use for kinetic studies of pol-
lutant production are discussed.

Both can and annular combustors can be divided roughly
into two parts, a primary and secondary zone as shown in Fig.
1. In the primary zone, at low altitude and maximum power,
about 90% of the fuel is burnt, and the mean fuel/air ratio
for this zone is between stoichiometric and slightly fuel-rich.
To keep the gas temperature at turbine inlet below about
1300°K, the over-all combustor equivalence ratio is about
0.25. Thus only 20-25% of the total air flow enters the pri-
mary zone.

Figure 1 shows the mean flow pattern in a typical combus-
tor. In the primary zone, the largest fraction of the air enters
the combustor through swirlers around the fuel spray nozzle.
The next largest fraction enters the first row of air holes
shown on the top wall of the figure, entrains a fraction of the
products of combustion at (2), and drives the recirculating
flow pattern which stabilizes the flame. The remainder of
the primary zone air is used to film cool the walls of the can.
The fuel is sprayed into both the swirler air and the recircu-
lated flow, and at high-pressure combustor operation, com-
bustion is almost complete by (2). Usually the flow at (2) is
fuel-rich; and the recirculated flow (3) is somewhat fuel-lean.

In the secondary zone the remaining air is mixed with the
primary zone combustion products to complete the combus-
tion of the fuel and to cool the gas stream to the temperature
required at turbine inlet. About f of the secondary zone air
enters the can transverse to the internal flow through large
holes in the can wall and mixes in the bulk of the flow. About
| of the secondary zone air enters parallel to the can, through
slots, to film cool the walls as shown in the lower half of Fig. 1.

Detailed models for the primary zone flow have not been
sufficiently developed to be of use in chemical kinetic studies,
though the basis for an analytical approach can be found, for
example, in Refs. 11-13. The simplest approach is to assume
a plug flow through the combustor, based on mean primary
zone conditions and residence time. This takes no account
of variations in temperature, equivalence ratio, and residence
times for difference parts of the flow, and can only give a
rough estimate of conditions at primary zone exit.

An approach which does make some allowance for a distri-
bution of residence times is to model the primary zone as a
well-stirred reactor. Beer and Lee14 have used the stirred
reactor concept to determine the effect of residence time on
the performance of a coal-fired furnace. Two limiting cases
can be considered: either mixing is complete on a molecular
scale, or mixing is only complete on a scale small compared
with combustor dimensions, but large compared with molecu-
lar dimensions. Thus in the latter case, small fluid elements
retain their identity as they pass through the reactor; in the
former case complete mixing occurs. The mathematical re-
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lations for these reactor models can be found in Bee*r and
Lee's paper.14

The secondary zone is considerably easier to model than the
primary zone. The calculations in this paper are based on a
combustor of the following configuration: a single liner of
constant area, circular cross section, with round flush air
holes, and surrounded by a constant area circular annulus.
It was felt that such an arrangement would serve as a typical
combustor. A fluid mechanic and thermodynamic model for
this combustor was based on the following assumptions, taken
partly from Ref. 15: 1) The flow in the secondary zone is one-
dimensional; i.e., all variables are uniform over a cross sec-
tion. This is an important assumption, as the use of a mean
temperature in the chemical kinetic equations will hide the
possible freezing of reactions in the cooler zones near the liner
wall. 2) All liner air jets mix instantaneously with the com-
bustion products gas stream. In the case of the dilution air,
flow visualization studies of combustor mixing (see, e.g. Ref.
12) indicate that this assumption is reasonable. In the case
of liner cooling air, however, the jets are purposely directed
so as to stay near the liner. But even in this case the liner
cooling air is generally replenished every few inches, an indi-
cation of the length scale for significant mixing. The dis-
tinction between these two types of secondary zone air is
shown in Fig. 1. 3) There is no heat transfer from the liner
to the annulus. The error made in this assumption will be
somewhat corrected by the fact that any heat lost to annulus
air is eventually returned to the liner downstream. 4) The
only pressure losses in the system are the "hot loss" due to gas
expansion and the loss across the liner holes. 5) The density
is inversely proportional to the temperature, the effects of
molecular weight and pressure variation being ignored. 6)
The bulk flow is an equilibrium flow; i.e., its thermodynamic
properties and composition of major species are determined
by the pressure and mean equivalence ratio at any point along
the liner. 7) The liner air hole distribution can be represented
as a continuous function of distance along the combustor.
The calculations in this paper are based on a uniform distribu-
tion of hole area.

With the above assumptions, the fluid mechanic and ther-
modynamic variables of interest can be calculated as functions
of distance from the beginning of the secondary zone. With
the axial velocity known throughout the combustor, the flow
time for a fluid element (or a particle) starting at the end of
the primary zone can be computed. We then have the en-
vironmental properties as functions of time, with which we
can integrate the kinetic equations for pollutant production
(or decomposition). A typical such environmental history is
shown in Fig. 5 (along with that for a plug-flow primary zone).
The calculations in this paper were based on fuel of the form
CnH2n, burned adiabatically with air initially at 700° K and
at a pressure of 15 atm.

Formation of Nitric Oxide
Background

Several investigators and engine manufacturers have mea-
sured nitric oxide concentrations in jet engine exhausts (a
summary of the data available is given in Ref. 1). The mea-
sured exhaust nitric oxide concentrations are about 0.1 times
the equilibrium values corresponding to combustion of a
stoichiometric mixture of compressor air and fuel which ap-
proximates conditions in the primary zone. They may be
greater or less than the NO equilibrium concentration at com-
bustor exist, depending on the details of the combustor.
These measured concentrations do not correlate satisfactorily
with over-all engine equivalence ratio,8-16 though for a given
engine increasing the power level (and hence equivalence
ratio) from idle to takeoff does increase the exhaust nitric
oxide level.

The nitric oxide formation process in spark-ignition engines
is more fully understood, however, and provides a basis for

Table 1 Model Reaction Scheme for NO Formation17

Reaction* , kcal/mole b, cm2/sec

1) N + NO^±N 2 -h O
2) N + O2 ̂  NO + O
3) N + OH ̂  NO + H
4) H + N20 ̂  N2 + OH
5) O + N2O ̂  N2 + O2
6) O + N2O ^± 2NO

75.0
31.8
39.4
62.4
79.2
36.4

2 X 10-11

2 X 10-ne-7-1/fir

7 X 10-11

5 X W-"e-lQ'*IRT

6 X 10-ne-24-0/*r

8 X 10-11e-24-0/fir

a Exothermic direction left to right.
6 Exothermic rate constants from Ref. 18 with activation energies in kcal/

aole.

analyzing the gas turbine combustor. Lavoie, Heywood, and
Keck17 have shown how a thermodynamic model for the com-
bustion process in a spark-ignition engine can be combined
with a rate equation for nitric oxide formation to give good
agreement with measured concentrations of nitric oxide in the
engine cylinder. The temperature, pressure, and mean
equivalence ratio in the primary zone of a gas turbine com-
bustor are comparable with values attained in the cylinder of
the spark-ignition engine so the same kinetic scheme for nitric
oxide formation is applicable. However, since the combus-
tion process is fundamentally different, a new thermodynamic
model must be derived.

Kinetic Model

The set of reactions used by Lavoie et al.,17 to describe
nitric oxide formation in the temperature range 2000-3000° K,
pressure range 5-30 atm, and with equivalence ratios close to
one in the post-flame gases of a hydrocarbon-air mixture is
given in Table 1. The reaction 2NO ̂  N2 + 02 is not in-
cluded since it is slow and does not proceed directly.

To proceed further we need to know the state of the carbon-
hydrogen-oxygen system in the burnt gases. The description
of the combustion process given suggests that the following
assumption is valid. The fluid at the upstream end of the
primary zone consists of either unmixed compressor air and
the very fuel-rich mixture left behind the evaporating drop-
lets, or of recirculated products and fresh air, again unmixed
with the fuel-rich droplet wakes. As the fluid elements move
downstream, the air and fuel mix and burn once the equiva-
lence ratio on a molecular scale is within the ignition limits.
As we are only considering engine operation at low altitude
and maximum thrust, the pressure level is 10-20 atm, and the
energy-releasing reactions rapidly go to completion once mix-
ing occurs. We will show shortly that the nitric oxide forma-
tion reactions are slow in comparison with the energy-releasing
reactions, and we will therefore assume that the burnt gases
consist of equilibrium products of combustion corresponding
to a local equivalence ratio between stoichiometric (the value
at which combustion occurs in a diffusion flame) and the fuel-
rich ignition limit of a premixed flame and at the appropriate
adiabatic flame temperature.

Rate equations for NO, N, and N20 can be derived from
Table 1 in terms of the species listed. Since we are consider-
ing only processes occurring outside the flame-front reaction
zone, we will assume the concentrations [N2], [0], [O2], [OH],
and [H] are given by equilibrium values at the local tempera-
ture, pressure, and equivalence ratio. The rate equations
then become :

El + P(R* + B.)

(l/V)(d[N]V/dt) = -0(oBi + #2 + B8) + Ri
(1)

(2)

(3)

where V is the volume of the small fluid element being fol-

(l/V)(d\N£>]V/dt) = - B6)
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TIME, msec

Fig. 2 Calculated NO mass fractions as function of time
after combustion for different temperatures and <f> =
1.0, p = 15 atm; dashed lines are equilibrium NO mass

fractions.

lowed through the flow; a = [NO]/[NO]e, ft = [N]/[N]«,
and 7 = [N2O]/[N2O]e are, respectively, the concentrations
of NO, N, and N20 divided by their equilibrium concentra-
tions; and Ri is the "one-way" equilibrium rate of the ith
reaction; e.g., Ri = &i[N]e[NO]e. Rough estimates of the
magnitude of the terms in these equations indicate that the
relaxation times for the [N] and [N20] equations are several
orders of magnitude shorter than that for the [NO] equation.
It is therefore an excellent approximation to assume steady-
state concentrations for N and N20 and set d[N]V/dt and
d[N20]7/d£ = 0. Equations (2) and (3) can then be used
to eliminate j8 and 7 from Eq. (1), and the following equation
for NO formation results:

1 d[NO]V
V dt = 2(1 - «*) (- R*

(4)

10
TIME, msec

Fig. 3 Calculated NO mass fractions as function of time
after combustion for different equivalence ratios and T
= 2400°K,p = 15 atm; dashed lines are equilibrium NO

mass fractions.

where #1 = JBi/(ft + ft) and K* = Re/(R* + JB5). The first
term in the large bracket on the right-hand side of the above
equation is the result of reactions 1-3 in Table 1, the ex-
tended Zeldovich chain mechanism. The second term is the
result of reactions 4-6 and involves N2O as an intermediary.
In general, KI and Kz are of order unity or less, and the relative
importance of the two mechanisms just described is deter-
mined by the ratio of Ri to R6. This is much larger than unity
except at low temperatures (less than 2000° K) and lean mix-
tures. These are the conditions in the dilution zone of the
combustor; at these lower temperatures reaction rates are
slow, and the nitric oxide concentration is effectively frozen.
However, if NO concentrations in the primary zone reach
close to equilibrium values, then in the dilution zone a may
be greater than unity increasing the relative effect of the R6
term in Eq. (4).

In the secondary zone, in addition to chemical reaction, the
nitric oxide concentration changes as diluting air is mixed with
the primary zone combustion products. An extra term must
be included in Eq. (4) to allow for this effect. Since the
nitric oxide concentration in the diluting air is negligible, the
change in concentration due to air addition and mixing can be
related to the change in equivalence ratio of each fluid ele-
ment. Equation (4), rearranged in terms of the mass fraction
of nitric oxide, {NO} then becomes

dt (1 - «•> (-\1 1 +
{NO}
+ 0.068</>) dt

where the last term gives the change in NO mass fraction due
to dilution. MNO is the molecular weight of NO, p is the
local gas density, and 0 the local equivalence ratio.

This kinetic model has been programed for solution on a
digital computer and linked with a program which calculates
equilibrium thermodynamic properties and species concentra-
tions. It can be applied to a steady flow process where the
pressure-time, temperature-time, and composition-time his-
tories of the fluid elements in the flow are known.

Numerical Results

Before attempting to model the flow in a gas turbine com-
bustor, it is instructive to consider some results obtained with
Eq. (5) for some simpler flows. As a first approximation to
our combustion model, we can regard the fluid elements in the
flow as combustion products of uniform temperature and com-
position, but which burn at different times during the flow
through the primary zone. Results for nitric oxide mass frac-
tion, as a function of time, for constant temperature and
equivalence ratio are shown in Figs. 2 and 3. The pressure is
15 atm. Note that the characteristic formation time is a
strong function of temperature (Fig. 2), but a weak function
of equivalence ratio (Fig. 3).

Current gas turbine combustor primary zone conditions are
approximately equivalence ratio 1.0-1.2, temperature at zone
exit 2300-2500° K, and mean residence time of order 5 msec.
It is clear that there is insufficient time for nitric oxide concen-
trations to reach equilibrium. However, any design changes
which increase the peak temperatures inside the combustor
(e.g., increased engine pressure ratio) will bring NO levels at
primary zone exit closer to equilibrium values.

Some conclusions on the effect of air addition at the start of
the secondary zone can also be drawn from Eq. (5). As air is
mixed with the combustion products, until the equilibrium
nitric oxide concentration falls below the rate-limited nitric
oxide concentrations, nitric oxide will continue to be formed
through the first term in Eq. (5). As the temperature falls,
however, the rate of formation decreases rapidly, and at some
point the concentration can be regarded as chemicaUy frozen,
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and only changes which result from dilution will be important.
This freezing point can be estimated as follows.

At the exit of the primary zone for current designs, the
nitric oxide concentration is significantly less than the equilib-
rium concentration. For a « 1 and RQ « JBi, Eq. (5) gives
the chemical formation rate as

which is a function of pressure, temperature, and equivalence
ratio only. Values of d{NO }/dt at a = 0 are given in Fig. 4
as a function of temperature for 15 atm pressure and <£ =
0.6, 0.8, 1.0, and 1.2. The dashed curve shows the adiabatic
flame temperature for each equivalence ratio; ideally as air is
mixed with the products, the gas temperature would follow
this curve. Note that for initially fuel-rich products, the
nitric oxide formation rate will increase until <t> « 1.0, and
then will decrease rapidly. The secondary zone residence
time is about 5 msec, and a typical maximum NO mass frac-
tion within the combustor is 5 X 10 ~4. Thus an NO forma-
tion rate of less than about 10 ~2 sec"1 will result in a negligible
change in NO concentration, and Fig. 4 shows that nitric oxide
chemistry is effectively frozen at <t> « 0.7. The details of the
primary zone flow and the early part of the secondary zone
determine the exhaust concentration

The preceding paragraphs emphasize the need for a detailed
thermodynamic and fluid dynamic model of the primary zone
before realistic kinetic calculations for a complete combustor
can be carried out. We do not yet have such a model. How-
ever, by assuming simple flow patterns for the primary and
secondary zones, we have been able to show which parts of
the combustor are most important in the nitric oxide forma-
tion process.

Simple models for the primary zone — a plug flow or a well-
stirred reactor — were described in the previous section.
However, for engines with pressure ratios of about 15:1 or
less, the nitric oxide concentration in the combustor primary

2000 2100 2200 2300 2400
TEMPERATURE, °K

2500 2600

Fig. 4 Rate of change of NO mass fraction (sec"1), for
tx = 0, as a function of temperature for different equiv-
alence ratios; dashed curve shows adiabatic flame tem-
perature for kerosene-air combustion at 15 atm for 700°K

2000 h H4xlO~

{NO}

H2xlO

4 5 6
TIME , msec

Fig. 5 Temperature, equivalence ratio, and NO mass
fraction as function of the time spent by a fluid element
in the combustor: 0-4 msec corresponds to the primary
zone; 4-10 msec corresponds to secondary zone; pressure

equals 15 atm, compressor air at 700°K.

zone is much less than the equilibrium concentration, and Eq.
(5) indicates that the formation rate for uniform temperature
and equivalence ratio will be almost constant. Under these
conditions, the three models described give nitric oxide con-
centrations at the primary zone exit which differ by less than
10%. Since the assumptions in each model make little dif-
ference to the result, the simplest approach—the plug flow—
was used. This conclusion would not necessarily hold for
combustors with higher peak flame temperatures.

Conditions appropriate for one can of a current large jet
engine combustor were chosen, with mean primary zone
equivalence ratio equal to 1.2, mean primary zone tempera-
ture equal to the adiabatic flame temperature for 700° K, 15
atm compressor air, and primary zone residence time 4 msec.
The secondary zone conditions were calculated using the one-
dimensional model described earlier with total air mass flow of
17 Ib/sec, overall equivalence ratio 0.25, combustor inside
diameter 7 in. and combustor length 15 in. The equivalence
ratio and temperature distribution inside the combustor and
the nitric oxide mass fraction calculated from Eq. (5) are
shown in Fig. 5, as functions of the time spent by a fluid ele-
ment in the combustor.

At the exit of the primary zone, the nitric oxide mass frac-
tion is 29% of the equilibrium concentration at primary zone
conditions. In the secondary zone, significantly more nitric
oxide is formed as the equivalence ratio changes from 1.2 to
about 0.8. At this point the chemistry is effectively frozen,
and the concentration only changes due to dilution. The cal-
culated exhaust NO mass fraction is 1.2 X 10~4 and measured
values, for example for the JT8D engine to which the calcula-
tion approximately corresponds, are about 9 X 10~5 (see Ref.
8).

The nitric oxide behavior which our model predicts in the
early part of the secondary zone is different from that de-
scribed by Sawyer.16 We have predicted that for a combustor
like the JT8D, NO continues to form because the concentra-
tion calculated from the NO formation rate equation is less
than the local equilibrium concentration. For this combus-
tor, then, it would not be practicable to tailor the initial part
of the secondary zone to promote nitric oxide decomposition
which was one control technique proposed.

One would expect this simple primary zone model to over-
estimate the nitric oxide concentration since the actual mean
temperature will lie below the theoretical adiabatic flame tem-
perature, and the reaction rate is very temperature sensitive
(we estimate that a 100° K temperature decrease gives about
a factor of three reduction in nitric oxide concentration). A
more detailed model of the primary zone is under investiga-
tion, but the agreement between prediction and measurement
indicates that the main features of the flow have been cor-
rectly described.
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Formation and Oxidation of Solid Carbon

Formation

Data relevant to the study of the formation of solid carbon
in gas turbine combustors come from three different types of
investigations: those examining the details of the chemical
kinetics, those studying the carbon output of simple labora-
tory flames as functions of the operating conditions of the
flame, and those recording the carbon output of gas turbine
combustors (or engines) as a function of engine-operating pa-
rameters and design variables. At this time the state of
knowledge of the kinetics of carbon formation is at a very
basic level. It is therefore not possible to attempt an analysis
of the sort made on nitric oxide formation in the preceding
section of this paper. What can be done, however, is to de-
velop a qualitative picture of the important processes in the
primary zone which lead to carbon formation. This picture
will be based on data from flame studies and will explain the
results of combustor exhaust measurements.

MacFarlane et al.19 give data on the solid carbon output
from premixed laboratory flames at pressures up to 20 atm, as
a function of equivalence ratio. These data show that little
carbon is formed for 0 < 1.5 or so, depending on the fuel, and
that above this value the amount formed is a strong and in-
creasing function of pressure. Data from confined hydro-
carbon diffusion flames also show carbon output increasing
with (over-all) equivalence ratio and pressure, though carbon
appears at much lower equivalence ratios.20 Solid carbon
does not, however, appear in the equilibrium products of
hydrocarbon-air combustion for 0 < 3 or so.

In a general sense, therefore, carbon can be regarded as a
reaction intermediate whose consumption is very slow relative
to the major gas phase reactions. Thus when a hydrocarbon
flame is quenched immediately after completion of the im-
portant gas phase reactions, as in an unconfined diffusion
flame or bunsen-type premixed flame, the carbon oxidation
reaction is often never completed. In the gas turbine com-
bustion process the carbon consumption reaction may or may
not be frozen before completion depending on how rapidly
cooling air is mixed in (as discussed later in this paper). In
a general sense, then, the processes controlling the concentra-
tions of solid carbon and NO are similar; whether or not
either reaches its equilibrium value is controlled by a kinetic
process which is very slow relative to the other important
combustion reactions.

At this point a more detailed examination of the processes
determining how the fuel mixes and burns with the primary
zone air is necessary. The fuel enters the primary zone in the
form of droplets with diameters of 50-200 /zm and with a
speed relative to the hot gases of the order of 70 m/sec. The
combustor gases themselves are flowing in a complicated tur-
bulent pattern with velocities of similar magnitude. The
gases are at a temperature which is much higher than the
boiling point of the fuel, so the droplets begin to vaporize as
soon as they enter the combustor. This mass transfer
process is greatly enhanced by the relative velocity between
the droplets and the gases, which in turn is being reduced by
the drag on the droplets. The droplets never come to zero
relative velocity, however; their inertia does not allow them
to accommodate to the turbulent velocity fluctuations of the
gases. Thus, once their injection momentum is gone, they
are dragged around by the combustor gases until they have
completely evaporated.

During these evaporation and deceleration processes, the
droplets cannot burn with a fully enveloping flame (there may
be burning in the wake). This can be deduced from the fol-
lowing result of Spalding21:

Uc/D = 1.4 X 103 sec-1 (7)

point. The value of the above ratio has been adjusted to a
pressure of 15 atm. Although experimentally verified only
for droplets with diameters of the order of centimeters, it is
applicable for droplets in the size range discussed here.
Whether or not the droplets burn, as droplets, will be deter-
mined by the relative time scales of the evaporation and de-
celeration processes. If the droplets have evaporated before
their velocity goes below Ue, then no droplet burning can take
place. If they slow down before they have evaporated, the
turbulent fluctuations of the gases may prevent their burning
anyway.

An evaporation time for a droplet is given by the following
equation22:

Te = Do2/X (8)

where D0 is the initial droplet diameter, and X is the so-called
evaporation constant and is a function of the thermodynamic
and transport properties of the fuel and the surrounding
atmosphere, and the droplet's velocity relative to that atmo-
sphere. For the case of a droplet in a hot stagnant atmo-
sphere, the evaporation constant can be calculated from the
theory developed by Goldsmith and Penner,22 among others.
The effect of the relative velocity has been studied by several
investigators. Eisenklam et al.23 found

where Xs is the evaporation constant in a stagnant atmosphere,
X includes the effects of motion, Re is the Reynolds number of
the droplet, B is the transfer number for the evaporation
process, and all properties are evaluated at the mean of the
gas and droplet temperatures. While their study covered
values of B in the correct range (B « 10 for a gas turbine
droplet), they studied Reynolds numbers which were too low
(their studies covered the range 0.1 < Re < 20 while gas tur-
bine droplets have Re « 240 when first injected). Ranz and
Marshall24 found the following correlation, for 0 < Re < 200,
but low values of B:

X/XS = 1 + 0.30SC1'W2 (10)
where Sc is the Schmidt number. In our case the above cor-
relations both give X/XS « 5 for a droplet when it is first in-
jected. With Do = 150 /mi and Xs = 0.02 cm2/sec, the
evaporation time for a typical droplet is roughly 2 msec.

A droplet deceleration time rd can be estimated from an
equation describing the deceleration:

where p/ and pg are the fuel and gas densities, Cdo is the initial
droplet drag coefficient, and U0 is the initial droplet velocity.
For Reynolds numbers in the range of those for injected fuel
droplets, a none vapor ating droplet has the same drag coeffi-
cient as a hard sphere at the same Reynolds number (i.e., the
effects of internal circulation and shape distortion are negli-
gible),25 but a correction must be made for the effects of mass
transfer. For Re < 20 or so, this correction may be estimated
using the correction found by Eisenklam et al.23:

Cd = Cd8/(l + B) (12)

where Ue is the critical (maximum) relative velocity which
will allow a droplet of diameter D to burn at its stagnation

where Cd is the drag coefficient for an evaporating droplet,
and Cds is the drag coefficient for a nonevaporating sphere at
the same Reynolds number. In experiments at higher
Reynolds numbers, but lower transfer numbers, the drag co-
efficient has been found to decrease due to evaporation, but
not as much as indicated by Eq. (12).26 Taking the low
Reynolds number correlation as a lower bound on the drag
coefficient, the value for hard spheres as an upper bound, and
using appropriate values for the various other quantities
(Pf/Po = 300, Cds = 0.7), we find 1.2 msec < rd < 13 msec.
Since re/rd < 2 or so, it appears that significant evaporation

§ This correlation does not hold as Re —> 0.
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will take place during the initial deceleration process. Since,
for this case, U0/UC » 300, no droplet combustion will take
place at that time.

However, the uncertainties in the above calculations indi-
cate that a significant number of droplets might reach nearly
stagnant conditions without vaporizing. For this case we
must examine whether the turbulent velocity fluctuations will
keep them from burning. The characteristic period of these
fluctuations can be estimated as rf « Dj/U, where U3- is the
air velocity in the air jets near the injector, and D3 is the di-
ameter (or some characteristic lateral dimension) of these
jets. Typically rf « 0.5 msec for a gas turbine primary zone.
The magnitude of these fluctuations may be expected to be
roughly one-tenth the mean flow speed, which is typical of
turbulent shear flows.27 The time for a droplet to accommo-
date itself to these fluctuations is the same as the deceleration
time, given in Eq. (11), only here the fluctuation velocity is
appropriate rather than the injection velocity. In this case
the Reynolds number is roughly 20, so Eq. (12) can be used
to estimate the drag coefficient. Using the initial diameter as
before and appropriate values (Cds = 2, UQ = 7 m/sec), we
find Td ~ 5 msec. Note that if the diameter at the end of the
initial deceleration process is much less than D0, the droplet
has already mostly vaporized, making this calculation un-
necessary. Thus, since Td/r/ « 10, a droplet which comes
nearly to rest in the turbulent flow, will not be able to keep up
with the velocity fluctuations. Here Uo/Uc » 30, and, there-
fore, the droplet will not burn until it has almost entirely
evaporated.

Based on the above analysis (and recognizing the crudeness
of the numbers), we can draw the following picture of com-
bustion in the primary zone. There exists a very fuel-rich
region near the injector face (see Fig. 1) where the droplet
evaporation is taking place, but where there is little combus-
tion because of a lack of air. Either air (in the case of the
swirl air), or air plus hot products [in the case of the mixture
in the reverse flow region, (3) in Fig. 1 ] flows by this fuel-rich
zone entraining and mixing with the fuel vapor, and most of
the combustion takes place as the flow travels downstream in
the outer region of the zone [region (2) in Fig. 1]. However,
each bit of fuel must be mixed with about fifteen times its
weight of air before it reaches stoichiometric proportions;
therefore, considerable burning must take place at high
equivalence ratios. The data from laboratory flames indicate
that this will result in the formation of solid carbon. Most of
the carbon will be formed in the region very close to the fuel
spray as there the equivalence ratios will be the highest.

Data on carbon produced in gas turbine combustors tend to
confirm this picture. Investigators have shown that the vari-
ables most strongly affecting carbon output are operating
pressure, mean primary zone equivalence ratio, the distribu-
tion of airflow into the primary zone, and the mixing of this
air with the fuel vapor. The increase of carbon output with
increasing pressure has been demonstrated directly by com-
bustor tests28"30 and by correlating engine smoke output with
compressor pressure ratio for different engines.30-31 The in-
crease of carbon output with increasing pressure from the
burning process on a molecular level, as shown by MacFar-
lane et al.,19 undoubtedly accounts for a large part of this
effect. Increasing operating pressure on a single combustor
also affects the mixing processes, most strongly by causing a
collapse of the fuel cone.32 This collapse confines the fuel
vapor to an even narrower region making carbon formation
more likely. The effect of spray cone angle has been demon-
strated by combustor tests.28'32'33 Similarly, the effect of in-
creasing the mean primary zone equivalence ratio in increas-
ing smoke formation has been shown by combustor measure-
ments.30'34 Several recently developed engines have success-
fully reduced the smoke problem by leaning out the primary
zone as a whole, as well as by injecting a significant amount of
air directly into the fuel cone to lower the equivalence ratio
there and induce more mixing.30'35

Carbon Oxidation

The second process determining the amount of smoke in the
exhaust of gas turbine engines is the burning of soot particles
in hot combustion products. This chemical reaction has been
shown to be significant in the combustion products of both
fuel-lean and fuel-rich flames.36"39 That carbon burn-up is
important in determining emission levels has already been
demonstrated. Toone28 observed very high carbon concen-
trations (up to 2600 jug/liter) in the fuel-rich region of the
primary zone of an engine exhausting negligible smoke (car-
bon density in exhaust less than 10 /xg/liter). Other investi-
gators have shown substantial decreases in smoke emission
with increases of combustor exit temperature,30'40 apparently
due to increased carbon burn-up.

In general, the burning of solid particles is a very complex
process. Diffusion of the reactant toward the particle sur-
face, chemisorption of the reactant on the surface, desorption
of the products from the surface, and diffusion of the products
away from the surface may all be important. Furthermore,
if the number density of particles is high enough, coagulation
of smaller particles to form larger ones may occur. Which
of these phenomena will be significant depends on the tem-
perature, pressure, and composition of the environment of the
particle, the particle size, and the number density of the par-
ticles.

Particle sizes in gas turbine exhausts have been examined
by several investigators. DeCorso et al.32 found typical par-
ticle diameters of 0.05-0.06 /mi, with occasional particles up
to 0.125 /mi and that these small particles could agglomerate
to irregularly shaped clusters with dimensions of 0.6-0.8 /mi.
Durrant7'31 discusses spherical particles with diameters of
0.01-0.08 /mi. Faitani30 found particles of 0.1 /mi diameter.
Lieberman41 measured particle diameters in the exhaust of a
regenerative turbine system and found particles of regular and
irregular shape, with diameters up to 1 /mi. The composition
of these exhaust particles has been measured by several of the
above investigators, and others, and it is generally agreed that
they consist of about 96% carbon by weight.30

. There exists a large amount of published data on the burn-
up of carbon particles of macroscopic size (up to 1 in.) in hot
gas streams (see Ref. 42 for a summary), but the data avail-
able on particles of the size found in turbine exhaust are
limited. One fact that is known with some certainty is that
diffusion plays little part in controlling the rate of soot com-
bustion. In Ref. 42 it is shown that diffusion is unimportant
in the combustion of carbon particles with diameters less than
about 25 /mi. Similarly, it has been observed in experiments
that coagulation is not important in the regions of a carbon-
producing flame where oxidation is significant (it is known,
however, that coagulation is important where carbon is being
produced).36 Thus investigators of soot combustion have
had to concern themselves only with determining surface re-
action rates.

Three major investigations of soot particle burning rates
have come to the authors' attention: the work of Lee,
Thring, and Beer,36 Fenimore and Jones,37 and Tesner and
Tsibulevsky.38'39 Each group has examined soot oxidation in
product gases of various stoichiometries, pressures, and tem-
peratures. The region of oxygen partial pressure and tem-
perature studied by each group is shown in Fig. 6, along with
the region of interest in gas turbine combustors (the region
shown by Tesner and Tsibulevsky was estimated as they did
not report po2 in their publications). It can be seen that all
the investigations have been at oxygen partial pressures and
temperatures which are lower than gas turbine conditions.
Lee, Thring, and Bee*r were able to correlate their data for
specific reaction rate as linear in oxygen partial pressure, in
the form

co = 1.085 X 104(p02/^1/2) exp(-39300/JR77) (13)

where co is the specific reaction rate (g cm"2 sec"1), p02 is the
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Fig. 6 Regions of available carbon oxidation data com-
pared with region of interest in jet engines.

partial pressure of oxygen (atm), and T is the temperature
(°K). They found this correlation to hold over their entire
range of investigation. Fenimore and Jones covered a wider
range of po2 and found that, even at conditions investigated
by Lee, Thring, and Beer, p02 was not an important variable.
They were able to correlate their data with the assumption
that the OH radical is the important reactant, and that some
fraction a of the collisions of OH radicals with the particle
surface resulted in the removal of a carbon atom. This leads
to an expression for specific reaction rate of the form

co = 1.27 X 102 (14)

where POH is the partial pressure of the OH radical (same units
as before), a was found to be 0.1. Tesner and Tsibulevsky
could not correlate their data over the whole range of their
experiments, but found the specific reaction rate to be linearly
dependent on the partial pressure of C02 in the lower tem-
peratures of their studies (1800-1940° K). In spite of the
fact that available data were not taken in the range of inter-
est, it was felt that the use of the above two burning-rate ex-
pressions [Eqs. (13) and (14) ] at gas turbine combustor con-
ditions would give at least an estimate of the ability of a gas
turbine combustor to consume the carbon it had created.

Figure 7 shows the burning rate expressions evaluated for
particles in the products of CnH2n-air combustion for typical
gas turbine conditions (air initially at 700° K and 15 atm pres-
sure) as a function of the equivalence ratio of the product gas
mixture. The data are expressed as surface recession rates,

dr/dt = - (15)
where dr/dt is the surface recession rate in /mi/sec and ps is
the density of the soot in g/cm3 (2.25 g/cm3 was used). For
a spherical particle dr/dt is the rate of change of the radius.
Though there are significant differences between the two cor-
relations, in the most important region 0.7 < <£ < 1.1, the
predictions are of comparable magnitude. It was not ex-
pected that the Lee-Thring-Bee*r correlation would hold for
rich mixtures since all their data were taken in the presence of
significant 02 concentrations.

These burning rates indicate what was previously observed
experimentally, that a significant amount of the soot produced
in the fuel-rich regions of the primary zone can be consumed
in the other regions of the primary zone and in the secondary
zone. For example, a spherical particle spending 3 msec in
near-stoichiometric (0.8 < <j> < 1.2) products in the primary
zone would undergo a radius change of about 0.1 /*m (using
the Fenimore-Jones data). The burning rate expressions
were integrated numerically for particles travelling through
the secondary zone using the fluid mechanic model previously
discussed. For mean primary zone equivalence ratios of 0.9-
1.2, the Lee-Thring-Beer data gave a radius change of 0.2 /zm
in the secondary zone; the Fenimore-Jones data gave a radius
change of from 0.05 /xm for the lean primary zone to 0.08 for
the rich. Nonspherical particles could undergo larger size
reductions. A comparison of the calculated radius changes
with particle sizes observed indicates that carbon oxidation
plays an important role in determining the smoke emission
level of a combustor. If the data from these extrapolated
correlations are correct, then, to reach the exhaust without
being consumed, a soot particle may have to spend most of its
time travelling in the relatively cooler areas of the combustor
near the liner.

Nearfield Dispersion of Jet Engine Trails

The relationship between the rate at which pollutants are
emitted by a jet aircraft and the concentration of these pol-
lutants near an airport is determined by the mixing of the jet
exhaust with the surrounding atmosphere. There are several
physical effects simultaneously acting to determine the ground
level concentration: 1) the entrainment of surrounding air
and its mixing with the exhaust gases caused by the turbulent
motion of the jet trail; 2) the gradual rise of the jet trail due
to its buoyancy; 3) the additional mixing of the trail and
surrounding air caused by turbulence present in the atmo-
sphere; and 4) the convection of the trail due to the wind.
Here we are concerned only with the early stages of mixing in
which the first two effects are dominant. There are certain
similarities between the flow in a cross wind of the hot exhaust
gases from a smoke stack (a stationary source in a moving
fluid) and the motion of a trail laid down by a jet aircraft (a
moving source in a relative by stationary atmosphere).
Adopting an approach similar to that used for tall stack
plumes,43'44 we first propose to analyze theoretically the tur-
bulent mixing of a jet trail in a stationary, nonturbulent at-
mosphere with no stratification (neutrally buoyant).

The basic theory for this motion is a simple extension of
that used successfully to correlate field data for plumes from
tall stacks.44 Consider a single j et engine moving horizontally
at a constant speed F, which initially lays down a trail having
a horizontal momentum per unit length of mt- and thermal
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Fig. 7 Calculated burning rates of soot particles, in
adiabatic combustion products of kerosene (CwH2n) and

700°K air at 15 atm.
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energy per unit length of e*. We are concerned with the
growth and rise with time of a section of the trail at a fixed
axial location with respect to the ground. Considering the
fluid in the trail to have a mean horizontal velocity v and ver-
tical velocity u inside a cylindrical region of radius b, the
growth by entrainment is hypothesized to be

(d/dt)(irbz) = 2irb(ftu + av) (16)

10

in which a and ft are constants of order one, to be determined
from experiments. (A discussion of such entrainment
hypotheses is given in Ref. 44.) We have assumed v and u «c
F, and po — p <£ po, Po being the ambient atmospheric density.
The conservation of energy requires that

(d/dt)(irb*[T - T0]) = 0 (17)
in which T — TQ is the temperature excess above the value T0
of the surrounding atmosphere. With T — TQ <$c T0, linear-
ized versions of the horizontal and vertical momentum equa-
tions are

(d/dt)(irb*v) = 0 (18)
(d/dt)(irb*u) = irb*g(T - T0)/T0 (19)

where g is the acceleration due to gravity.
The equations of conservation of energy [Eq. (17)] and

horizontal momentum [Eq. (18) ] may be integrated to give

7Tb*(T - To) = 6,/pflC, (20)

irb^v = wii/po (21)

in which cp is the constant pressure specific heat. As a con-
sequence the vertical momentum Eq. (19) integrates to

if it is assumed that there is no initial vertical momentum.
By introducing a characteristic time T and length scale I de-
fined by

T~niiCpTQ/gei (23)

and
I3 ==: mfCpTo/pogei = ra^r/po (24)

the trail radius 6 and the vertical rise z can be obtained by
integration of the entrainment Eq. (16), assuming both are
zero at t = 0, to give

(6/Z)» = (3/7r)[(/3/2)(*/r)2 + a(t/r)] (25)
v 1 /*/ / ir \ 1 / 3 /• / A- T/7/y*Z i | * / 7T \ / t/T JsUJ; /na\

— —• — I llni — I —— I I •—————————————————— (^O)
7 7 I n t*u/t/ V n f f r v f / / 9 /O\ 2 | 12/3 \ /

For times small compared with r, 6, and 2 are less than I and
vary as t113 and £4/3, respectively, while for times long com-
pared with T both b and z are larger than I and vary as £2/3.
Physically, for times small compared with r, the trail entrain-
ment is due mostly to the horizontal velocity v while for longer
times it is due mostly to the vertical speed u. Thus initially
the trail behavior is determined by the jet momentum, but
eventually the effects of buoyancy predominate. A numeri-
cal calculation for b and z is shown in Fig. 8.

The time T and the scale I may now be related to the jet
thrust F, the flight speed V, and the fuel heat rate q through
the initial momentum and energy deposition per unit length,

mi = F/V (27)

ei = q/V (28)

T = FcpTQ/qg (29)

I = (Fr/poF)1'3 (30)
The fuel rate per unit thrust is nearly the same for most jet

giving

10

10
10 10 10 IOC

t/T

Fig. 8 Jet trail radius 6, and rise z as a function of time
t: characteristic time T and length scale I are defined by

Eqs. (29) and (30).

engines, having a value of about 0.8 Ib fuel/hr per Ib thrust.
Thus the time T is essentially the same for all engines at all
flight speeds, having a value of about 30 sec. The corre-
sponding length scale I varies with thrust and speed, but has
a value of about 30 m when F = 15,000 Ib and V = 120
knots.

Based on this elementary theory of jet trail growth due to
its own turbulent motion, at takeoff the trail grows quickly to
a radius of about 100 ft in a half minute, then more slowly,
requiring about ten minutes to grow to a radius of 1000 ft.

Some preliminary measurements of jet trail growth were
made from photographs of smokey exhaust trails of commer-
cial 727 aircraft after takeoff. The measured trail radius is
compared in Fig. 8 with the theoretical calculations based on
Eqs. (25, 29, and 30). F is assumed to be the total thrust of
all engines, and T and I were estimated to be 56 sec and 153 ft,
respectively.

This simple theory does not take into account the effects of
high-speed jet mixing near the jet engine, the interaction of
multiple engines, nor the motions induced by the wing.

Conclusions

This paper has discussed in detail the basic physical pro-
cesses which determine emission levels of solid carbon and
nitric oxide from gas turbine engines and has given a simple
theory for the dispersion of pollutants from the jet trail. The
quantitative results should, however, be regarded as pre-
liminary since several areas require further study. These
areas are: the fluid mechanics and thermodynamics of the
primary zone, the chemical kinetics of pollutant formation
and consumption, and the interaction of the jet trail with a
turbulent stratified atmosphere. Since the emission of pol-
lutants by aircraft is a cause for public concern, further work
in these areas is both necessary and timely.
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